ABSTRACT
INTRODUCTION
The western Cordillera of North America is a collage of accreted terranes with a complex history of deformation, magmatism, and sedimentation. The Cordilleran margin was the site of protracted Paleozoic and Mesozoic mountain-building episodes that resulted from convergence and collision of various island arcs and exotic terranes with cratonal North America (e.g., Dickinson, 1979 Dickinson, , 2004 Coney et al., 1980; Silberling et al., 1984; Manduca et al., 1993; Lund and Snee, 1988; Burchfi el et al., 1992; Vallier and Brooks, 1995) . Orthogonal convergence, collision, and oblique convergence, acting in sequence and in combination, affected western North America from late Paleozoic to early Tertiary time along the entire Cordilleran margin from the southern Sierra Nevada through western Nevada and western Idaho to British Columbia (Fig. 1A) . The relative importance of horizontal shortening versus strike-slip displacement, and the timing and amount of translation of terranes, vary in time and space and are the subject of ongoing debate (e.g., Umhoefer, 1987; Wynne et al., 1995; Monger and Price, 1996; Cowan et al., 1997; Mahoney et al., 1999; Housen and Beck, 1999; Enkin et al., 2003; Umhoefer, 2003; Wyld et al., 2006) . This controversy remains unresolved and highlights the need for detailed modern studies of datable sedimentation and deformation in areas where rocks of appropriate age are exposed. The Ochoco basin contains a thick succession of middle to Late Cretaceous marine sedimentary rocks that rest unconformably on older rocks of the Baker and Izee terranes in central Oregon (Fig. 1B) (Dickinson and Vigrass, 1965; Oles and Enlows, 1971; Dickinson and Thayer, 1978; Dickinson, 1979; Wilkinson and Oles, 1968; Kleinhans et al., 1984) . Albian to Cenomanian strata of the Ochoco basin are well exposed in the Mitchell inlier of central Oregon and are the focus of this paper. The Ochoco basin is thought to be the northward continuation of Wyld and Wright (2001) . Dashed line through Oregon and Washington defi nes Columbia embayment and follows approximate trend of fabrics in accreted terranes of the Blue Mountains and Klamath Mountains. Line for Salmon River suture zone coincides with 87 Sr/ 86 Sr isotope boundary of Armstrong et al. (1977) (Fig. 1B) . (B) Distribution of accreted terranes in central and eastern Oregon, which together make up the Blue Mountains province. Modifi ed from Dickinson (1979) . Black areas indicate Cretaceous strata of the Ochoco basin; circled dots show location of subsurface wells (Thompson et al., 1984) . White areas are post-Cretaceous volcanic and sedimentary rocks. AR-Antonethe Cretaceous Great Valley forearc basin in California and the Hornbrook basin of southern Oregon ( Fig. 1) (Kleinhans et al., 1984; Nilsen, 1986) . This large forearc basin system existed during Cretaceous intracontinental collision, transpression, and regional-scale mountain building in eastern Oregon and western Idaho (Lund and Snee, 1988; Selverstone et al., 1992; Manduca et al., 1993; McClelland et al., 2000) . Thus information about the basin's stratigraphy, composition, and deformation history should provide useful insights into Cretaceous regional tectonics, plate interactions, and terrane translation in this region. This paper presents the results of a fi eld-based study of AlbianCenomanian sedimentary rocks and syn-to postdepositional structures exposed in the Toney Butte area, in the northeastern part of the Mitchell inlier (Fig. 2) . Integrative analysis yields new insights into the development of two large folds, including a NWtrending basement-cored anticline that we conclude grew during deposition of Albian forearc basin strata.
GEOLOGIC SETTING
Cretaceous sedimentary rocks of the Ochoco basin depositionally overlap westernmost exposures of the Baker and Izee terranes, which belong to the composite Blue Mountains province of Mesozoic accreted terranes in central and eastern Oregon (Fig. 1B) (Dickinson and Vigrass, 1965; Brooks and Vallier, 1978; Dickinson and Thayer, 1978; Dickinson, 1979 Dickinson, , 2004 Silber ling et al., 1984; Wernicke and Klepacki, 1988; White et al., 1992; Avé Lallemant, 1995; Vallier and Brooks, 1995) . The Wallowa terrane consists of Permian to Lower Jurassic volcanic and related sedimentary rocks that formed in oceanic plateaus and volcanic island arcs outboard of the North American margin. The Baker terrane includes Devonian to Late Triassic igneous and sedimentary rocks that have been metamorphosed to greenschist and (locally) amphibolite and blueschist grades, and represents exhumed parts of a Paleozoic to Mesozoic subduction zone complex that is probably related to formation of the Wallowa volcanic arc. The Izee terrane consists of Late Triassic to Middle Jurassic sedimentary rocks that accumulated in a complex system of marine basins prior to and during Jurassic arc-continent collision (e.g., Dickinson and Thayer, 1978; Dickinson, 1979) .
The amalgamated terranes of the Blue Mountains were initially accreted to the North American margin during Late Jurassic or Early Cretaceous arc-continent collision and related mountain building in the Salmon River suture zone of western Idaho ( Fig. 1) (Brooks and Vallier, 1978; Coney et al., 1980; Oldow, 1984; Selverstone et al., 1992; Dilek and Moores, 1993; Vallier, 1995; Wyld and Wright, 2001; Gray and Oldow, 2005) . The suture zone was later modifi ed by Early Cretaceous (ca. 130-120 Ma) collision, thrusting, and metamorphism, followed by middle Cretaceous (ca. 118-90 Ma) transpressive deformation, strike-slip displacement, continued metamorphism, and pluton emplacement in the western Idaho shear zone. The latter stage of transpressive deformation formed subvertical fabrics with dextral shear indicators and resulted in fi nal truncation of the continental margin (Lund and Snee, 1988; Manduca et al., 1993; McClelland et al., 2000; Gillaspy et al., 2000; Giorgis et al., 2005) . The boundary between outboard oceanic terranes and rocks of continental origin in western Idaho is represented by an abrupt change in the 87 Sr/ 86 Sr isotopic composition, with isotopic ratios less than 0.704 indicating rocks of oceanic origin and ratios greater than 0.706 representing rocks of continental affi nity ( Fig. 1) (Armstrong et al., 1977; Fleck and Criss, 1985; Criss and Fleck, 1987; Manduca et al., 1992) . The abrupt, steep gradient in isotopic compositions is the result of protracted convergence, dextral transpression, and tectonic truncation of the North American margin. Middle Cretaceous oblique collision and transpression in western Idaho was accompanied by rapid uplift, exhumation, mountain building, and erosion of metamorphic and plutonic rocks (Lund and Snee, 1988; Selverstone et al., 1992; McClelland et al., 2000; Giorgis et al., 2005) .
The Mitchell inlier is the largest area (~180 km 2 ) of exposed Cretaceous sedimentary rocks in central Oregon, and it makes up an overall NE-trending belt of Albian to Campanian marine deposits that belong to the larger Ochoco basin (Fig. 2) (Wilkinson and Oles, 1968; Oles and Enlows, 1971; Kleinhans et al., 1984) . Wilkinson and Oles (1968) divided the stratigraphy into two intertonguing formations, the Hudspeth and Gable Creek Formations. They defi ned the Hudspeth Formation as a "widespread and thick sequence of marine mudstone with subordinate siltstone and sandstone" (Wilkinson and Oles, 1968, p. 133) , and described the Gable Creek Formation as conglomerate and sandstone of fl uvial-deltaic origin. Wilkinson and Oles (1968) believed the sediments were derived from a rising landmass to the north and transported via a major river system to a shallow marine embayment. Later work by Kleinhans et al. (1984) reinterpreted the Gable Creek Formation as coarse-grained deposits of a submarine fan system. This interpretation was based on recognition of diagnostic turbidite facies and micropaleontologic data supporting an outer neritic to upper bathyal environment, and is supported by this study.
Several small exposures of Cretaceous strata are exposed east and southeast of the Mitchell inlier (Fig. 1B) . Up to 730 m of Cretaceous conglomerate, sandstone, and siltstone are exposed at Antone Ranch (Dobell, 1948; Dawson, 1951) , where facies associations and the presence of thick-shelled Trigonia and leaf imprints suggest a continental and marginal-marine environment. At Goose Rock, interbedded conglomerate, sandstone, and minor mudstone of uncertain depositional environment form a sequence over 90 m thick (Kleinhans et al., 1984) . At Bernard Ranch, up to 1500 m of pebbly sandstone and conglomerate reveal crossbedding , good sorting and rounding, marine fossils, and transgressive stratigraphic relationships that suggest a shallow marine depositional environment (Dickinson and Vigrass, 1965) . At two locations near Bernard Ranch, shallow marine Cretaceous deposits depositionally overlie and overlap tectonized contacts between pre-Cretaceous rocks of the Baker terrane (accretionary subduction complex) and Izee terrane (arc-related sedimentary basin) (Fig. 1B) (Dickinson and Vigrass, 1965) . Cretaceous strata of the Ochoco basin are also known from limited sub surface studies , which revealed dominantly marine sandstone and siltstone with palynomorphs and foraminifera that indicate an Albian to Campanian age (Thompson et al., 1984) .
STRATIGRAPHY AND SEDIMENTOLOGY
The geology of the Mitchell inlier is dominated by Cretaceous sedimentary rocks and prebasinal metamorphic rocks that are deformed by a large NE-trending Tertiary fold known as the Mitchell anticline ( Fig. 2A) (Wilkinson and Oles, 1968; Oles and Enlows, 1971; Kleinhans et al., 1984) . A thick section of mudstone, sandstone, and conglomerate of the Hudspeth and Gable Creek Formations rests unconformably on Paleozoic metasedimentary basement rocks in the Toney Butte area (Figs. 2B and 3) . Basement rocks include metachert, phyllite, argillite, quartzite, chlorite schist, and marble of the Baker terrane. Measured sections and map transects were used to construct a SW-NE facies panel that reveals key aspects of the stratigraphic architecture (Fig. 4) . The facies panel shows that the lower part of the section depositionally overlies and onlaps basement rock along a low-angle nonconformity. Lateral facies changes are seen in the lower members of the Hudspeth Formation and unit Kg-2 of the Gable Creek Formation, and a small growth fault is present in the lower Gable Creek Formation. Ammonites collected from the Main Mudstone member of the Hudspeth Formation range from early to late Albian in age (112-99 Ma) and occur in correct stratigraphic order ( Fig. 3) , 1984; P. Rodda, 2000, personal commun.) . No fossils have been found in the Gable Creek Formation, but it is inferred to be Cenomanian or younger based on its interbedded and conformable contact with the Hudspeth Formation (Wilkinson and Oles, 1968) and the presence of Albian to Campanian fossils in the subsurface of the Ochoco basin (Thompson et al., 1984) .
Hudspeth Formation
The Hudspeth Formation was defi ned by Wilkinson and Oles (1968) as including the basal member (Khb), Main Mudstone member (Kh1), and a series of stratigraphically higher mudstone units (Kh2 to Kh11) interbedded with units of the Gable Creek Formation. This study confi rmed the basic organization of Wilkinson and Oles (1968) and made slight modifi cations to facilitate mapping and stratigraphic analysis (Fig. 3) . We divide the Hudspeth Formation into (1) the basal member (Khb), (2) the Main Mudstone member (Khmm), and (3) a higher unit of mudstone (Khm), stratigraphically between Kg-1 and Kg-3 of the Gable Creek Formation, that was previously mapped as Kh3 by Oles and Enlows (1971) (Figs. 2B and 3) .
The basal member of the Hudspeth Formation is subdivided into four units (from oldest to youngest): green sandstone, mudstone, conglomerate, and tan sandstone (Fig. 3) . The contact with basement rock is well exposed in the southwest-plunging part of the Mitchell anticline axis, and locally elsewhere along mapped fold limbs. It is a transgressive nonconformity with a very thin basal zone containing rare outsized clasts of underlying basement lithologies that passes directly into the various units of the basal member. Detailed mapping reveals that bedding in basal Hudspeth units in most places is sub-parallel to both the lower contact with basement rock and upper contacts with younger units. Green sandstone is the oldest unit exposed in the Toney Butte area and consists of moderately to poorly sorted sandstone and pebbly sandstone. Sand grains and clasts are composed of low-grade metamorphic detritus including phyllite, metachert, quartzite, and chlorite schist that closely resemble lithologies in the underlying basement. Planar lamination, normal grading, lin- Figure 2B ; bold lines indicate measured sections, thin lines indicate map transects.
on October 29, 2010 specialpapers.gsapubs.org Downloaded from ear sole marks, and abundant wood fragments are common in this unit. Paleocurrent indicators are rare and inconclusive but suggest overall transport to the northwest or southeast (Lenegan, 2001) . Green sandstone interfi ngers laterally with mudstone and conglomerate units of the Hudspeth Formation (Fig. 4) .
The conglomerate unit of the basal member contains both matrix-and clast-supported pebble-cobble conglomerate with minor interbedded sandstone, and locally contains oversized subangular to angular clasts of metamorphic basement rock (Fig. 5A ). Unlike the green sandstone, conglomerate clasts are composed primarily of volcanic, chert, and plutonic rock fragments with only a minor metamorphic component. Tan sandstone consists of fi ne-grained, planar-laminated, medium-to thickbedded turbiditic sandstone with locally interbedded mudstone and shale. It is composed of quartz, feldspar, chert, and volcanic lithic fragments compositionally equivalent to the conglomerate unit and is gradational with the overlying Main Mudstone member. The entire thickness of the tan sandstone (~100 m) passes laterally into Hudspeth mudstone south and west of Toney Butte (Figs. 2B and 4) .
Mudstone units of the Hudspeth Formation are lithologically similar at different stratigraphic levels and consist primarily of dark gray to black mudstone with minor shale. Calcite-cemented concretions in mudstone are aligned parallel to bedding and commonly contain ammonites and woody debris. The Main Mudstone member gradationally overlies tan sandstone of the basal member and shows signifi cant thickness variations in the study area ( 
Gable Creek Formation
The Gable Creek Formation consists of interbedded conglomerate and sandstone that are divided into three map units (Kg-1, Kg-2, Kg-3) based on their relation to interbedded units of Hudspeth mudstone. Within each map unit, there are numerous mappable pairs of conglomerate and sandstone that are assigned a letter for their position in the section (Fig. 4) . Map relations show that conglomerate of Kg-1A rests unconformably on basement rock on the north and northeast fl anks of Toney Butte (Figs. 2 and 4) . In all other areas, the basal Gable Creek conglomerate (Kg-1A) is in sharp, concordant contact with the underlying Main Mudstone member of the Hudspeth Formation. Conglomerate beds typically are medium-to thick-bedded, massive (structureless), and clast-supported (Fig. 5B) , with minor matrix-supported pebbly sandstone in the upper parts of some beds. Clast size ranges from small pebble to cobble size and averages 1-4 cm in diameter. Sandstone units contain mediumto thin-bedded sandstone and minor mudstone (Fig. 5C) , with lesser amounts of coarse-to very coarse-grained sandstone and pebbly sandstone. Channeling, normal grading, inverse grading, planar laminations, vertical fl uid escape structures, and tool and scour marks are common. Rare cross-stratifi cation, bioturbation, wood fragments, and transported pelecypods are found in some sandstone units. In most places, sandstone units are gradational with underlying conglomerate over thicknesses of a few meters. Clasts in the Gable Creek Formation consist dominantly of chert, intermediate to silicic volcanic rocks, and minor granitic to intermediate plutonic rocks (Little, 1987; Lenegan, 2001) .
Conglomerate of the Gable Creek Formation commonly reveals imbricated clast fabric with a-axes oriented parallel to fl ow, yielding reliable indications of paleocurrent direction (Figs. 5D and 6). Clast imbrications were measured at different locations on the northwest limb of the Mitchell anticline and restored for local bedding dip by untilting beds about the strike of bedding. The additional effects of vertical-axis rotation are discussed below. Clast imbrication data from the Gable Creek Formation record overall transport to the southwest (in present coordinates; Fig. 6 ), con sistent with the direction obtained by Little (1987) .
GEOLOGIC MAP AND STRUCTURAL DATA
The geologic map in Figure 2B reveals important aspects of superposed folding. Two orthogonal anticlines, the NE-trending Mitchell anticline and the NW-trending Toney Butte anticline (named here), intersect to produce the quasi-domal structure seen at Toney Butte. The Toney Butte anticline is cored by phyllite, quartzite, and chlorite schist in basement rock of the Baker terrane, and it is fl anked by opposing bedding dips in Cretaceous sedimentary rocks on the north and south limbs (Fig. 2B) . Although not mapped in this study, the core of the anticline also contains some Tertiary-age shallow intrusive bodies similar to those seen at Toney Butte and elsewhere in the Mitchell inlier (E. Taylor, 2003, personal commun.) . The southwest limb of the Toney Butte anticline reveals a complete section of Hudspeth and Gable Creek Formations, but the basal and Main Mudstone Hudspeth members are missing on the northeast limb of the fold where the lower Gable Creek Formation rests directly on basement rock (Fig. 2B) (Lenegan, 2001 ). There are no good exposures of the basal contact in this area, but the map pattern reveals a moderately dipping, locally irregular contact that is confi dently interpreted as depositional (not a fault).
Four geologic cross sections illustrate the main structural features in the Toney Butte area. Cross sections A-A′ and B-B′ were constructed at 1:12,000 scale, and cross sections C-C′ and D-D′ were constructed at 1:6000 scale (based on detailed mapping) to illustrate useful smaller-scale fold geometries. The Mitchell anticline, where it is not complicated by other structures, is a simple fold that permits a simple correlation of the Gable Creek Formation across its axis (Fig. 7A) . The depth to the basal Hudspeth Formation and underlying basement rocks is uncertain at this location. The basal and Main Mudstone members of the Hudspeth Formation are ~1500 m thick on the south limb of the Toney Butte anticline, but they are conspicuously absent on the north limb where basement rocks are directly overlain by the Gable Creek Formation (Fig. 7B) . We considered two interpretations of this cross section. The fi rst involves wedging and pinchout of Hudspeth mudstone in a complex zone of converging strata on the south limb and core of the anticline (solid lines, Fig. 7B ). In the second interpretation, a thick interval of Gable Creek Formation passes to the south through a large lateral facies change into the Main Mudstone member of the Hudspeth Formation (dashed lines, Fig. 7B ). Straightforward correlation of the base of the Gable Creek Formation around the study area (Figs. 2B and 7A) argues against a large north-south lateral facies change and supports the solid-line interpretation in Figure 7B . . Rose diagram of paleocurrent data from clast imbrications in the Gable Creek Formation, restored to horizontal using bedding strike and dip, present-day coordinates. After restoring for ~37° of post-Albian clockwise rotation (Housen and Dorsey, 2005) , southwest-directed paleocurrents restore to south-directed for middle Cretaceous time.
on October 29, 2010 specialpapers.gsapubs.org Downloaded from A tight, upright to overturned anticline-syncline pair on the southwest fl ank of Toney Butte is revealed in an oblique aerial photograph (Fig. 8) and cross section C-C′ (Fig. 9A) . Here, conglomerate of the basal Hudspeth Formation thins and grades laterally to the west across the syncline into tan sandstone, and this sandstone makes up the lower part of a turbidite sandstone unit that passes laterally to the west across the anticline into mudstone. We considered an interpretation in which the western contact between sandstone and mudstone may be a fault truncation, but we do not favor a fault interpretation for this contact because (1) dramatic lateral thinning of basal Hudspeth conglomerate is clearly demonstrated in 1:6000-scale mapping and the derived cross section (Figs. 8 and 9A ), (2) a coherent section of mudstone is exposed on the west limb of the anticline with no evidence for brittle fault-zone textures where a large fault would be required, and (3) a similar abrupt lateral transition from basal Hudspeth sandstone into mudstone is seen on the south fl ank of Toney Butte where there are no local structural complications (Fig. 2B, south of C′) . Thus, we interpret the map pattern on the west fl ank of Toney Butte to reveal tight, asymmetric, westvergent folds that deform stratigraphically complex deposits of the basal Hudspeth Formation that pass laterally over a short distance through the folds into the Main Mudstone member. These folds involve at least 200 m of section, have a wavelength of ~300 m, and an amplitude of ~100 m (Figs. 8 and 9A ).
Cross section D-D′ (Fig. 9B ) reveals tight fold geometries and abrupt lateral facies changes similar to those described above. The conglomerate unit of the basal Hudspeth Formation is more than 50 m thick on the north limb and passes laterally to the south into tan sandstone across the axis of the northern syncline. The tan sandstone unit grades laterally northward into conglomerate and appears to maintain a constant thickness to the south. The cross section is poorly constrained in the subsurface; the basal Hudspeth tan sandstone may grade laterally into mudstone to the south as is seen nearby to the west of this cross section (Fig. 2B) .
Stereonet plots and statistical analysis of bedding provide information about the orientation of fold axes in the Toney Butte area (Fig. 10) . Four structural domains were defi ned on the basis of bedding orientations that permit identifi cation of folds with different orientations. Three of the domains (A-C) are shown on the geologic map in Figure 10 , and the fourth domain (D) is a small area restricted to the immediate vicinity of the Mitchell anticline axis in the basal member of the Hudspeth Formation. The domains contain folds with markedly different orientations (trend, plunge): 349, 16° in domain A; 077, 12° in domain B; 265, 12° in domain C; and 216, 41° in domain D (Fig. 10) . The data for domain D closely resemble a fold axis orientation (215, 31°) that was derived from a three-point construction along the contact between basement rock and basal Hudspeth Formation in the axis of the anticline.
A small oblique-sinistral fault southwest of Toney Butte offsets the Main Mudstone member of the Hudspeth Formation and Gable Creek Formation through sandstone Kg-1B, but younger conglomerate Kg-1C is not offset (Figs. 2B and 4) . The fault strikes 036 and dips 85° to the southeast, and the fault plane has brittle striae that rake 44° from the southwest. A syndepositional origin for this fault is indicated by stratigraphic thickening of strata into the hanging wall, an abundance of matrix-supported conglomerate in hanging-wall deposits, and the observation that it is depositionally overlapped by younger units of the Gable Creek Formation.
INTERPRETATION Depositional Processes and Environments
Deposition of the Hudspeth Formation at Toney Butte was initiated in early Albian time by subsidence and submergence of previously eroded metamorphic rocks of the Baker terrane. The green sandstone unit of the basal member was derived from nearby exposures of basement rock and deposited on a sub marine slope by sandy turbidity currents and subaqueous debris fl ows. Conglomerate and tan sandstone of the basal member also were deposited by sediment-gravity fl ows, but their composition refl ects a change of provenance to a larger, integrated source area that included volcanic, chert, and plutonic rocks. Rare oversized basement clasts likely fell from channel walls or were dislodged from the substrate and incorporated into fl ows as they moved downslope. Mudstone units of the Hudspeth Formation record slow deposition by suspension settling in a sediment-starved marine basin. Micropaleontologic data indicate outer neritic (Fig. 3) . Khmm-Main Mudstone member of Hudspeth Formation; Pzb-Paleo zoic basement rocks. Location of this area indicated by position of cross section C-C′ in Figure 2B . Line of section is ~700 m long.
on October 29, 2010 specialpapers.gsapubs.org Downloaded from to upper bathyal water depths (Kleinhans et al., 1984) . Where mudstone and shale are interbedded with thin-bedded sandstone, deposition occurred by dilute low-density turbidity currents on a submarine basin plain. Lateral interfi ngering of mudstone unit Khm with Gable Creek conglomerate to the northeast (Figs. 2B and 4), combined with paleocurrent data from the Gable Creek conglomerate that show consistent transport toward the southwest (Fig. 6) , suggest that this basin-plain setting occupied the distal fringing part of a large submarine-fan system that entered the basin from the northeast (present coordinates).
Conglomerate and sandstone of the Gable Creek Formation were deposited by sediment-gravity fl ows in a submarine fan system (Kleinhans et al., 1984; Little, 1987; Lenegan, 2001 ). Clast-supported conglomerate was deposited by noncohesive debris fl ows (grain fl ows) that may have formed in the basal layer of coarse-grained turbidity currents (e.g., Lowe, 1982) . Matrixsupported conglomerate was deposited from cohesive debris fl ows, and sandstones were deposited by turbidity currents and sandy debris fl ows (e.g., Walker, 1975; Lowe, 1982; Shanmugam , 1996) . The upsection change from laterally continuous to more 
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on October 29, 2010 specialpapers.gsapubs.org Downloaded from discontinuous stratal geometries seen in Gable Creek unit Kg-1 (Fig. 4 ) may record slight progradation of an upper-fan channel system over a suprafan depositional lobe. The subsequent abrupt transition to overlying mudstone, which interfi ngers laterally with Gable Creek unit Kg-2 to the northeast, records a relatively rapid back-stepping of the submarine fan that could be due to (1) external factors such as a rise in eustatic sea level, increased subsidence rate, or decreased rate of sediment supply, or (2) intrabasinal processes such as channel switching in the upper part of the submarine fan.
Folding History
Truncation of the basal and Main Mudstone members of the Hudspeth Formation against basement rock west of Toney Butte was previously interpreted by Oles and Enlows (1971) to be due to a large down-on-the-west fault. Our work shows that this interpretation is contradicted by several observations: (1) Gable Creek conglomerate depositionally overlies basement rock on the north limb of the Toney Butte anticline where it previously was mapped as Tertiary Clarno Formation (Oles and Enlows, 1971) , and it can be mapped east from there across the trace of the hypothesized fault (Fig. 2B) ; (2) the contact between various units of the Hudspeth Formation and older basement rocks west of Toney Butte shows no signs of fault gouge or pervasive fracture that would be expected for a large fault; and (3) stratigraphy is not offset ~3 km northeast of Toney Butte where the inferred fault was mapped by Oles and Enlows (1971) . We therefore conclude that truncation of the lower Hudspeth units in this area is not due to fault offset, and instead refl ects low-angle onlap of strata onto structural and/or erosional paleorelief that existed in Albian time. The base of the Gable Creek Formation rests directly on pre-Cretaceous basement rock on the northeast limb of the Toney Butte anticline, and it correlates to the base of the Gable Creek Formation southwest of the anticline where it overlies a thick interval of Hudspeth mudstone. It is clear from the map pattern that a major stratigraphic omission occurs across a large anticline, which suggests a folding control on the stratigraphy.
The two most likely explanations for map and stratigraphic relationships seen in the Toney Butte anticline are (1) northward pinch-out of the Hudspeth Formation across the fold axis is unrelated to folding and refl ects onlap onto preexisting erosional paleotopography, and the Toney Butte anticline is entirely Tertiary in age, or (2) the anticline initially grew during deposition of the Hudspeth Main Mudstone member, was overlapped by the Gable Creek Formation, and was further folded and rotated clockwise after deposition of the Cretaceous section. To test these hypotheses, we produced three reconstructions of cross section B-B′ (Fig. 7B) by restoring the base of the Gable Creek Formation to horizontal and evaluating different possible pre-Gable Creek stratal geometries (Fig. 11) . Figure 11A illustrates the traditional, nonfolding hypothesis in which the entire Figure 11 . Three hypothetical models for the Toney Butte anticline based on restoration of cross section B-B′ (Fig. 7B) to its pre-Gable Creek orientation. This also restores ~37° of post-Gable Creek clockwise rotation (Housen and Dorsey, 2005) . (A) Traditional hypothesis for pinch-out of the Hudspeth Main Mudstone member (Khmm) by stratigraphic onlap onto preexisting erosional topography, with no syn-Hudspeth folding. (B) Growth-fold hypothesis assuming fold geometry 1 (e.g., Suppe and Medwedeff, 1990; Suppe et al., 1992) . (C) Growth-fold hypothesis assuming fold geometry 2 (e.g., Hardy and Poblet, 1994; Patton, 2004) . We conclude that the growth-fold hypothesis in C is most consistent with the fi eld data and observations. See text for discussion.
on October 29, 2010 specialpapers.gsapubs.org Downloaded from 1.2-1.4 km thick Main Mudstone member pinches out against an erosional paleohigh along a large buttress unconformity south of Toney Butte. At fi rst glance, this model appears plausible and conceptually consistent with evidence for onlap seen elsewhere in the study area. However, constraints from the cross section would require a vertical elevation drop of 1.2-1.4 km over a horizontal distance of ~1.7 km, equivalent to a surface gradient of 35°-40°. While this is possible for a deep terrestrial canyon that is suddenly fl ooded by marine water, most areas of subaerial erosion form much lower surface gradients, so this interpretation would require preservation of a rare paleolandscape. Moreover, the nonfolding buttress model requires that bedding in the basal Hudspeth Formation onlaps the basement rock at a high angle to its contact with underlying basement (Fig. 11A) . This prediction is contradicted by fi eld data, which show that bedding in the basal Hudspeth sandstone is consistently parallel to its lower and upper contacts (e.g., Figs. 8 and 9 ; Lenegan, 2001) . For these reasons, we conclude that preexisting erosional paleotopography is not the sole explanation for pinch-out of the Main Mudstone member across the axis of the Toney Butte anticline.
We next consider two possible geometries for synbasinal folding prior to deposition of the Gable Creek Formation. The fi rst is a south-vergent, fault-related compressional fold produced by kink-band migration (Fig. 11B ) (e.g., Suppe and Medwedeff, 1990; Suppe et al., 1992 Suppe et al., , 1997 Narr and Suppe, 1994) . This model predicts an angular unconformity between the Main Mudstone member and the Gable Creek Formation, an abrupt change in bedding dip across the syncline axis, and no progressive tilting or fanning dips in the growth strata (Khmm). Although an angular unconformity is not observed in the study area, it could have been removed by later erosion. However, the kink-fold model works best with a layer-cake stratigraphy, no onlap of sediment onto the fold limb, and no lateral facies change from basal Hudspeth sandstone and conglomerate (Khb) into basinal mudstone (Khmm). We therefore consider the fi rst fold geometry to be unlikely.
The second geometry involves progressive tilting and limb rotation during fold growth with potentially complex stratal onlap, thinning, and fanning dips in growth strata on the southern limb of the anticline (Fig. 11C ) (e.g., Hardy and Poblet, 1994; Patton, 2004) . This model produces several features that are consistent with our observations: (1) A coarse, locally derived clastic unit (Khb) accumulates on the fl ank of the growing uplift and passes laterally into distal turbidites and mudstone (Khmm); (2) bedding in Khb is generally parallel to its contact with basement rock and displays very low-angle onlap with the basement; (3) a steep unusual paleocliff is not needed in the predepositional landscape; and (4) northward pinch-out of the Main Mudstone member is spatially and genetically associated with growth of the Toney Butte anticline, which is well demonstrated in the map pattern (Fig. 2B) . While this hypothesis predicts fanning dips in the Main Mudstone member that are not seen on the map, we observed locally intense brittle shearing and highly variable bedding dips in the transect south of Toney Butte that are related to small latestage faults. Steep bedding dips in the Gable Creek Formation record strong post-Gable Creek deformation. Post-Cretaceous small-scale faults and lateral expansion of the anticline during later folding would be likely to overprint and obscure fanning-dip patterns produced in an earlier phase of folding; this is a common problem in complexly deformed terranes. For these reasons, we favor the second geometry for fold growth during deposition of the Hudspeth Main Mudstone member (Fig. 11C) .
From the above analysis, we conclude that the Toney Butte anticline initially formed as a south-vergent basement-cored uplift, similar to folds associated with Laramide-style contractile deformation in Utah and Wyoming (Fig. 11C ) (e.g., Evans, 1993; Narr and Suppe, 1994) . In this interpretation, uplift of the anticline prevented deposition across its core during subsidence and sedimentation elsewhere in the basin. The presence of Hudspeth mudstone northeast of Toney Butte ( Fig. 2A) indicates that the anticline was fl anked on the north by another syncline. Later reactivation of this fold tilted the Gable Creek Formation on both limbs into its current orientation. We infer that the Toney Butte anticline and secondary folds originally formed with an east-west trend and subhorizontal plunge, and later were refolded by the Mitchell anticline and rotated into their present orientations (Fig. 12) . Tertiary andesite and dacite at Toney Butte were intruded at the intersection of the two anticlines, similar to shallow intrusions that are spatially associated with Tertiary structures elsewhere in the Mitchell inlier (Oles and Enlows, 1971) .
We considered the possibility that the Toney Butte anticline and associated smaller folds may have been created by forceful shallow intrusion of Tertiary magmas. However, observed map and stratigraphic relationships point to early, synbasinal growth of the fold during deposition of the Main Mudstone SW NE M i t c h e l l A n t i c l i n e 1 2 Figure 12 . Schematic model for superposed folds at Toney Butte. Early folds (1) formed with ~NW trend (present coordinates) during deposition of the Main Mudstone member; this sketch illustrates a minor fold parasitic to the Toney Butte anticline. These were later folded about the Mitchell anticline axis (2) and rotated into their present orientations during Tertiary deformation.
on October 29, 2010 specialpapers.gsapubs.org Downloaded from member. Although local shearing and contact metamorphism of the country rock is common around the margins of other shallow intrusions in the Mitchell inlier (Oles and Enlows, 1971) , it is unlikely that intrusion of the magmas alone could have produced the systematic large scale and geometry of the Toney Butte and Mitchell anticlines. These folds clearly have a tectonic origin. Our interpretation of the age and mechanism of the Toney Butte anticline therefore rests on key map and stratigraphic relationships summarized above.
Unlike the Toney Butte anticline, the Mitchell anticline shows no evidence for growth during deposition of Cretaceous sedimentary units. Geologic mapping by Oles and Enlows (1971) showed that the Tertiary John Day Formation and Columbia River Group basalts are deformed by the Mitchell anticline and Sutton Mountain syncline, and these units display systematic thickness variations across the limbs of the folds. We therefore infer that the NE-trending Mitchell anticline formed in Tertiary time and refolded the middle Cretaceous NW-trending Albian Toney Butte anticline.
DISCUSSION
The data presented above provide evidence for contractional deformation in the Ochoco basin during deposition of the Albian Main Mudstone member of the Hudspeth Formation. When structural features are restored for ~37° of postdepositional clockwise rotation (Housen and Dorsey, 2005) , the Toney Butte anticline restores to an approximately east-west trend and is interpreted to record approximately north-south shortening (Fig. 11C) . Restoration of paleocurrent data from the Gable Creek Formation (Fig. 6) gives overall transport toward the south. The large area over which the Gable Creek Formation is exposed in the Mitchell inlier indicates that a large volume of gravel and sand was supplied to the Ochoco basin during Cenomanian time. The large infl ux of coarse detritus from the north immediately following an episode of southvergent folding and shortening implies, though does not require, a genetic relationship between the two. We suggest that regionalscale crustal shortening responsible for the Toney Butte anticline also produced high topography in the Blue Mountains to the north, and that resulting erosion of older vol canic and chert-bearing rocks produced the large volume of clastic detritus preserved in the Gable Creek Formation (Fig. 13) . Some of this detritus probably also was sourced east of the Mitchell inlier, but our data do not constrain how much of the sediment load was derived directly from the north versus that which entered from the east and was funneled south along the axis of the basin.
Previous workers have interpreted the Ochoco basin to be a northward continuation of the Cretaceous Hornbrook basin in southern Oregon and the Great Valley sequence in California (Fig. 1A) , which formed in a large forearc basin during eastward subduction of the Farallon plate and coeval arc magmatism in the Sierra Nevada and Idaho batholiths (e.g., Kleinhans et al., 1984; Nilsen, 1986) . Original continuity of these basins is supported by recent terrane reconstructions for the western Cordillera (Umhoefer, 2003; Wyld et al., 2006; Umhoefer and Blakey, 2006) and is corroborated by this study. Middle Cretaceous forearc sedimentation took place during a protracted period of Cretaceous transpression, plutonism, and metamorphism in the western U.S. Cordilleran orogenic arc system (Fig. 1A) (Gastil et al., 1981; Todd et al., 1988; Lahren et al., 1990; Schweickert and Lahren, 1990; Busby-Spera and Saleeby, 1990; Tikoff and de Saint Blanquat, 1997; Greene and Schweickert, 1995; John- Figure 13 . Interpretive sketch of regional tectonic setting for the middle Cretaceous Ochoco forearc basin between a subduction zone to the west and magmatic arc to the east. N-S shortening, which formed the E-W-trending anticline at Toney Butte, is interpreted to refl ect the marginparallel component of regional transpressive strain. Paleomagnetic data (Housen and Dorsey, 2005) , and compositional mismatch between Ochoco basin detritus and metamorphic rocks exposed in western Idaho, suggest that the basin may have formed adjacent to the Sierra Nevada batholith (SNB). Faults in the arc are schematic and inferred from previous studies that document Cretaceous intra-arc transpressive deformation. See text for discussion. son et al., 1999; Wyld and Wright, 2001) . Although data in this study do not constrain the position of the Ochoco basin relative to North America, a recent paleomagnetic study by Housen and Dorsey (2005) provides evidence for about 1200 ± 460 km northward translation of the Ochoco basin since ca. 93 Ma. We therefore suggest that the Ochoco basin may have formed at approximately the latitude of the southern Sierra Nevada arc during middle Cretaceous time (Fig. 13) . McClelland et al. (2000) proposed a two-stage model in which (1) oceanic terranes of the Blue Mountains province were accreted to North America during Late Jurassic or Early Cretaceous orthogonal collision in the Salmon River suture zone (Selverstone et al., 1992; Getty et al., 1993; Gray and Oldow, 2005) , and (2) subduction stepped outboard in middle Cretaceous time to a position west of the Ochoco basin, and the Idaho batholith (magmatic arc) became the site of a large transpressive fl ower structure in the western Idaho shear zone that accommodated dextral transpression and rapid exhumation of deep crustal rocks during and after ca. 118-90 Ma. According to this model, Cretaceous translation of outboard terranes was accommodated by the strike-slip component of transpression in the western Idaho shear zone. We infer that middle Cretaceous north-south shortening documented at Toney Butte (this study) is an expression of dextral transpressive strain that affected the forearc region during northward translation of the Ochoco basin along the Cordilleran margin.
Conglomerate clast compositions in the Gable Creek Formation pose a unique problem for interpreting Cretaceous paleogeography and tectonic history of the Blue Mountains. Based on the similar timing of crustal exhumation (ca. 118-90 Ma) and basin fi lling (ca. 112-93 Ma), some workers have suggested that detritus eroded from the Salmon River suture zone accumulated in the Ochoco basin (Lund and Snee, 1988; Selverstone et al., 1992) . However, this hypothesis fails to explain the pronounced compositional mismatch between high-grade metamorphic rocks in western Idaho (amphibolite, schist, quartzite, and gneiss) and conglomerate clasts in the Gable Creek Formation (primarily chert and low-grade metavolcanic and plutonic rocks) (Little, 1987; Lenegan, 2001) . This mismatch could have resulted from topographic barriers that diverted regional streams and metamorphic detritus away from the basin. Alternatively, the Ochoco basin and Blue Mountains province may have been located south of their present position in middle Cretaceous time, adjacent to the Sierra Nevada arc (Fig. 13) , as suggested by the paleomagnetic study of Housen and Dorsey (2005) . Middle Eocene deposits in northeastern Oregon contain a population of ca. 45 Ma detrital zircons and abundant detrital kyanite derived from metamorphic rocks in western Idaho (Cowan and Reiners, 2004) , indicating that northward translation of the Blue Mountains had ended by middle Eocene time.
A recent reconstruction of Cordilleran terranes (Umhoefer and Blakey, 2006) suggests that the Ochoco basin may have formed on accreted oceanic rocks adjacent to Salinian-Mojave or southern Sierra Nevada crust, and later was translated northward as a relatively small tectonic sliver along the transpressive Cordilleran margin (see also Wright and Wyld, this volume). According to this hypothesis, most of the terranes in the Blue Mountains were in their current position by Early Cretaceous time (e.g., Wyld and Wright, 2001; Dickinson, 2004; Wyld et al., 2006) , and Baker terrane rocks that underlie the Ochoco basin were juxtaposed against similar Baker terrane rocks in central and eastern Oregon by middle to Late Cretaceous northward motion of the small hypothesized sliver (Umhoefer and Blakey, 2006) . While this idea has merit, we believe it is countered by several observations: (1) A kinematic study of deformation fabrics in the western Idaho shear zone shows that 118 to 90 Ma plutons accommodated a large but unknown amount of syn-to postmagmatic dextral transpressive shear between the Blue Mountains province and cratonal North America (McClelland et al., 2000) ; (2) the only fi rm time constraints on the end of shearing and translation are the ca. 45 Ma kyanite-bearing fl uvial deposits in northeastern Oregon (Cowan and Reiners, 2004 ) and a paleomagnetic study of the Eocene Clarno volcanics indicating that they formed at their present-day latitude (Grommé et al., 1986) ; (3) stratigraphic studies in the Izee-Suplee area, southeast of the Mitchell inlier, show that Late Triassic slide breccias and olistostromes were emplaced in fault-bounded marine subbasins of the Izee terrane and were progressively deformed during thrusting at the margin of the emergent Baker terrane (Dickinson and Thayer, 1978; Dickinson, 1979) ; and (4) middle Cretaceous deposits that are demonstrably correlative to those of the Mitchell inlier depositionally overlie tectonized contacts between the Baker and Izee terranes near Bernard Ranch, southeast of the Mitchell inlier (Fig. 1B) (Dickinson and Thayer, 1978) , and these strata therefore comprise an overlap assemblage that accumulated on previously amalgamated terranes of the Blue Mountains. Thus a growing body of evidence indicates that the Baker and Izee terranes have been adjacent to each other since Late Triassic time, and the entire Blue Mountains province was translated northward between ca. 93 and 45 Ma.
CONCLUSIONS
Cretaceous sedimentary rocks exposed in the Mitchell inlier of central Oregon record sedimentation in the Ochoco forearc basin during coeval subduction of the Farallon plate and dextral transpressive deformation in the Cordilleran magmatic arc system. Detailed mapping and structural analysis at Toney Butte reveal a pattern of superposed folds involving the NW-trending Toney Butte anticline and the NE-trending Mitchell anticline. This study documents systematic stratigraphic pinch-out of the entire thickness (~1.2-1.4 km) of the Main Mudstone member of the Hudspeth Formation across the axis of the Toney Butte anticline. After evaluating different hypotheses for paleorelief and accounting for ~37° of postbasinal clockwise rotation (Housen and Dorsey, 2005) , we conclude that the Toney Butte anticline initially grew during deposition of the Albian Main Mudstone member as an east-trending basement-cored uplift and was later refolded in Tertiary time by the Mitchell anticline.
We infer that Albian north-south shortening at Toney Butte resulted from the margin-parallel component of regional transpression in terranes of the Blue Mountains province as they were translated northward along the Cordilleran margin. In this interpretation, regional north-south shortening produced an orogenic highland in older volcanic and low-grade metamorphic rocks north of the Ochoco basin, creating a source for voluminous gravel and sand (Gable Creek Formation) that was transported south into the forearc basin. A new paleomagnetic study by Housen and Dorsey (2005) provides evidence for ~1200-1700 km of northward translation of the Mitchell inlier since ca. 93 Ma. The paleomagnetic results are consistent with a pronounced compositional mismatch between detritus in the Ochoco basin and the expected source terrane in western Idaho. Taken together, both data sets suggest that the Ochoco basin may have been located at the approximate latitude of the Sierra Nevada arc in California during middle Cretaceous time.
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